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(54) Silica glass member 

(57) A silica glass member is provided for use in an 
optical system using light of a wavelength equal to or 
less than about 400 nm as a light source. The silica 
glass member has striae in a direction different from an 



optical axis of the optical system. The strength of the 
striae is equal to or less than about 2 x 10" 6 in terms of 
refractive index differential. 
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Description 

[0001] This application claims the benefit of Japa- 
nese Application No. 11 -174239, filed in Japan on June 
21 , 1 999, which is hereby incorporated by reference. 5 

BACKGROUND OF THE INVENTION 

Field of the Invention 

10 

[0002] The present invention relates to a silica glass 
member, and move particularly, to a photolithography- 
use silica glass member used in an optical system, such 
as a lens or mirror, in photolithography in the wave- 
length band of less than about 400 nm, preferably less w 
than about 300 nm. 

Discussion of the Related Art 

[0003] In recent years, higher integration and multi- 20 
functionality of VLSI (Very Large Scale Integration) have 
been significantly advanced. For example, in the field of 
logic VLSI, system-on-chip technology, in which a large 
system is incorporated in a chip, has been developed. 
Such a technological advance increasingly requires 25 
finer pattern formation and higher integration tech- 
niques on a wafer, such as a silicon wafer, which is a 
substrate for such chips. An exposure apparatus called 
"stepper" has been used in photolithography technique, 
which exposes and transfers a fine pattern of an inte- 30 
grated circuit onto a wafer (e.g., silicon wafer). 
[0004] For example, for a DRAM, which is an exam- 
ple of VLSI, as the technology advances from LSI 
to VLSI, its capacity increases as 
1M-»4M->16M-»64M-»256M-»1G. Such an increase 35 
in capacity requires a photolithography apparatus 
that is capable of fine pattern fabrication as 
1 ^m->0.8|in7-»0.5^m-)0.35^m->0.25//m->0. 1 8fjm, 
respectively, in terms of the fabrication line width. 
[0005] Accordingly, projection lenses in the stepper 40 
are required to have a high resolving power and a deep 
focal depth. The resolving power and focal depth are 
determined by the wavelength of light used in exposure 
sad N.A. (Numerical Aperture) of the lens. 
[0006] The finer the pattern, the larger the angle of 45 
diffraction light. Thus, for a finer pattern, diffraction light 
cannot be properly included unless the lens has a suffi- 
ciently large N.A. On the other hand, the shorter the 
exposure wavelength X, the smaller the angle of diffrac- 
tion light for the same pattern. Thus, the N.A. of a rela- so 
tively smaller value may be sufficient. 
[0007] The resolving power and the focal depth are 
expressed by the following formulae: 

Resolving Power = K1 • /./N.A. 55 

Focal Depth = K2-X/N.A. 2 



where K1 and K2 are proportional constants. 
[0008] Thus, to improve the resolving power, either 
N.A. can be increased, or A. can be shortened. As seen 
from the above formulae, shortening of A, is advanta- 
geous in terms of the focal depth. In light of this consid- 
eration, the wavelength of the light source has been 
shortened from the p-line (436 nm) to the /-line (365 
nm), and further to KrF excimer laser (248 nm) and to 
ArF excimer laser (193 nm). 

[0009] Silica glass, particularly synthetic silica glass 
manufactured by an oxygen/hydrogen flame hydrolysis 
method using SiCI 4 as the material, has an extremely 
low metal impurities and a high transmittance with 
respect to ultraviolet light. 

[0010] It has been required that silica glass used in 
an optical system for precision apparatus, such as pro- 
jection lenses for photolithography, not have any striae 
in any direction. Accordingly, processes for removing 
striae have been necessary or special techniques have 
been introduced during the synthesis. Moreover, a cum- 
bersome step of selecting desired products among sil- 
ica glass produced has been required, which has 
caused a poor yield. Because of these extra steps, such 
silica glass has been very expensive as compared with 
silica glass of the normal optical grade, and particularly 
with a recent trend towards a larger diameter of projec- 
tion lenses, the high cost associated with manufacture 
of projection lenses has posed a serious drawback in 
the industry. 

[0011] The striae are displayed on a screen when 
silica glass is observed by a projection device using a 
pin-hole method, as shown in FIG. 1. In particular, a sil- 
ica glass manufactured by the oxygen/hydrogen flame 
hydrolysis method tends to include striae in the form of 
stripes. This is due to the manufacture method, which 
involves depositing of Si0 2 powder on a target or ves- 
sel, fusing, and vitrifying. 

[0012] The method for measuring striae illustrated 
in FIG. 1 is similar to the striae measurement method 
specified in JOGIS 1 1 -1 975 in Japanese Optical Glass 
Industrial Standards, Appendix: Explanations on Meas- 
uring Method of Optical Glass, translated and published 
by Japan Optical Glass Manufacturers Association, 
which is hereby incorporated by reference. The striae 
measurement is conducted using the pin-hole method, 
the optical elements of which are arranged as shown in 
FIG. 1, and an interferometer technique, so-called M oil- 
on-plate method." Light emitted from a light source 1 
passes through a slit 2 and a sample 3, and produces a 
striae image on a screen 4 in the form of stripes. The 
distance between the light source 1 and the pin-hole slit 
2 is set to 4 m. As shown in FIG. 1 , the strength of striae 
corresponds to the difference between the darkest part 
and the brightest part of the striae observed on the 
screen, and the spacing between striae is observed as 
the spacing between two adjacent peaks of the bright 
lines or dark lines. A standard sample having known 
striae is used to calibrate this striae measurement. 
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Then, a striae pattern of a sample to be measured is 
observed in a manner shown in FIG. 1. As shown in 
FIG, 1, the strength of striae in terms of refractive index 
differential is derived from the width of the observed 
striae pattern, and an actual spacing between striae in 5 
the sample is derived from the observed spacing 
between the two adjacent peaks in the observed striae 
with reference to the calibration sample. 

SUMMARY OF THE INVENTION ™ 

[001 3] Accordingly, the present invention is directed 
to a silica glass member that substantially obviates the 
problems due to limitations and disadvantages of the 
related art. 15 
[0014] An object of the present invention is to pro- 
vide a silica glass member with a lower cost without 
sacrificing its focusing characteristics. 
[0015] Additional features and advantages of the 
invention will be set forth in the description that follows, 20 
and in part will be apparent from the description, or may 
be learned by practice of the invention. The objectives 
and other advantages of the invention will be realized 
and attained by the structure particularly pointed out in 
the written description and claims hereof as well as the 25 
appended drawings. 

[001 6] To achieve these and other advantages and 
in accordance with the purpose of the present invention, 
as embodied and broadly described, the present inven- 
tion provides a silica glass member for use in an optical 30 
system using light of a wavelength equal to or less than 
about 400 nm as a light source, the silica glass member 
having striae in a direction different from an optical axis 
of the optical system, the strength of the striae being 
equal to or less than about 2 x 1 0" G in terms of refractive 35 
index differential. 

[001 7] In another aspect, the present invention pro- 
vides an exposure apparatus having an illumination 
optical system for directing light from a light source 
towards a mask having a pattern thereon and a projec- 40 
tion optical system for projecting an image of the pattern 
on the mask towards a substrate to expose the image 
on the substrate, wherein the silica glass member of the 
present invention is installed in at least one of the illumi- 
nation optical system and the projection optical system. 45 
[0018] In a further aspect, the present invention 
provides an optical system having an optical axis, 
including a silica glass member for processing light of a 
predetermined wavelength along the optical axis, the 
silica glass member having striae extending in a direc- 50 
tion substantially perpendicular to the predetermined 
optical axis of the optical system, the strength of the 
striae being smaller than about 2 x 1 0" 6 x (the value of 
the predetermined wavelength of the light in nanome- 
ters)/632.8(nm) in terms of refractive index differential. 55 
[001 9] It is to be understood that both the foregoing 
general description and the following detailed descrip- 
tion are exemplary and explanatory, and are intended to 



provide further explanation of the invention as claimed. 
BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] The accompanying drawings, which are 
included to provide a further understanding of the inven- 
tion and are incorporated in and constitute a part of this 
specification, illustrate embodiments of the invention 
and together with the description serve to explain the 
principles of the invention. 
[0021] In the drawings: 

FIG. 1 shows a striae observation method; 
FIG. 2 is a schematic view of a synthesis furnace to 
be used for manufacturing a synthetic silica glass of 
the present invention; and 

FIG. 3 is a schematic view of a projection exposure 
apparatus, which uses silica glass members of the 
present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0022] Reference will now be made in detail to the 
preferred embodiments of the present invention, exam- 
ples of which are illustrated in the accompanying draw- 
ings. 

[0023] The present inventors conducted diligent 
research regarding characteristics of striae in silica 
glasses manufactured under various conditions and the 
effects on the focus characteristics of the striae charac- 
teristics. As a result, the following discoveries were 
made. 

[0024] If the strength of striae with respect to the 
wavelength of KrF excimer laser (248 nm) is equal to or 
less than about 0.8 x 1 0* 6 in terms of refractive index dif- 
ferential, its effects on the wavefront aberration for the 
projection lens is small so that the deterioration of the 
wavefront aberration can be suppressed within a per- 
missible range. 

[0025] The effects on the wavefront aberration of 
the strength of striae increase in proportion to the wave- 
length ratio. Thus, the permissible strength of striae 
changes depending upon the wavelength of the light 
source— the shorter the wavelength, the larger the 
effects of striae. 

[0026] Furthermore, the shorter the spacing 
between striae, the smaller the effects on the wavefront 
aberration for the lower order components. If this spac- 
ing is equal to or less than 2 mm, the deterioration in the 
wavefront aberration can be suppressed within a per- 
missible range for general-purpose ultraviolet optical 
systems. 

[0027] Owing to these discoveries, the present 
invention provides, in a first aspect, a silica glass mem- 
ber for use in an optical system using light having a 
wavelength equal to or less than about 400 nm as a light 
source, including striae in directions otherthan a prede- 
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termined direction, the strength of the striae being equal 
to or less than about 2 x 1 0* 6 in terms of refractive index 
differential. 

[0028] By taking into account the discovery that the 
effects on wavefront aberration of the strength of the 
striae increase with the wavelength ratio, it is preferable 
that the strength of the striae be equal to or less than 
about 2 x 10~ 6 x "wavelength7632.8(nm) in terms of 
refractive index differential for a given "wavelength" 
used. 

[0029] In the silica glass member according to the 
first aspect of the present invention described above, a 
spacing between striae may be set to be equal to or less 
than about 2 mm so that the effects on the wavefront 
aberration can be further reduced. 
[0030] Further, in the present invention, the fluctua- 
tion in the OH group concentration preferably is set to 
be equal to or less than about 50 ppm. This is because 
it is known that if the OH group concentration increases 
by 1 ppm, the refractive index is reduced by about 1 0* 7 , 
and a large reduction in refractive index may cause 
striae. 

[0031] As described above, according to the 
present invention, even for a silica glass having striae in 
directions other than a predetermined direction, the 
effects on wavefront aberration of the striae can be 
reduced. Thus, the present invention achieves a signifi- 
cant cost reduction in optical members, such as projec- 
tion lenses, without sacrificing characteristics of the 
optical members. 

[0032] First, a silica glass member according to the 
present invention has striae in directions other than a 
predetermined direction. The predetermined direction 
corresponds to, for example, the direction of the optical 
axis of an optica! system when the silica glass member 
is installed in the optical system. In particular, it is con- 
sidered that if stripe-shape striae are perpendicular to 
the optical axis of the optical system, the effects on 
wavefront aberration is minimized. 
[0033] As described above, striae in the silica glass 
manufactured by the flame hydrolysis method are dis- 
played on a screen in the form of stripes when they are 
observed using a pin-hole method. The contrast 
observed forms such a pattern because light from the 
light source is refracted in accordance with the refrac- 
tive index fluctuation within the silica glass. The lighter 
and darker parts of this contrast correspond to the 
strength of the striae. They change in accordance with 
the striae refractive index differential. Such a striate 
refractive index differential can be quantitatively ana- 
lyzed by the oil-on-plate method using an interferom- 
eter. 

[0034] Secondly, the strength of the striae in the sil- 
ica glass member of the present invention is restricted 
to be equal to or less than a predetermined value. The 
uniformity in refractive index in silica glass members 
that have been used in optical systems for a light source 
of light having a wavelength equal to or less than about 



400 nm is on the order of 10" 5 to 10~ 6 in all directions. 
However, striae occur where the refractive index 
changes abruptly. Accordingly, striae are considered to 
correspond to a refractive index differential that is larger 
5 that these values by one or more digit— i.e., on the order 
of 10 _/, to10- 5 . 

[0035] According to the present invention, by 
restricting the strength of the striae to a value equal to or 
less than about 2 x 1 0 6 , the silica glass member having 

w such striae can be used in an optical system for ultravi- 
olet. By taking into account the discovered fact that the 
effects on wavefront aberration of the strength of the 
striae increase with the wavelength ratio, it is preferable 
to further restrict the strength of the striae to a value 

is equal to or less than 0.8 x 1 0" 6 for the wavelength range 
of KrF excimer laser, and about 0.6 x 10" 6 for the wave- 
length range of ArF excimer laser. 
[0036] In such a silica glass member having striae 
in directions other than a predetermined direction, the 

20 strength of the striae being equal to or less than about 2 
x 1 0" 6 , a spacing between the striae preferably is set to 
equal to or less than about 2 mm. In a projection optical 
system for photolithography, light incident on silica glass 
members is not necessarily perpendicular to the sur- 

25 face of the members. When the light is incident on the 
silica glass member in an oblique direction, the adverse 
effects of striae become larger. In the present invention, 
by reducing the spacing between the striae, it becomes 
possible to reduce the effects of the striae on the inci- 

30 dent light even when the incident light is obliquely 
entered into the silica glass member. 
[0037] A method for manufacturing a silica glass 
member of the present invention using a flame hydroly- 
sis method (sometimes called "direct method") is 

35 explained next. 

[0038] FIG. 2 shows a synthesis furnace for synthe- 
sizing a synthetic silica glass of the present invention. A 
burner 21 is made of silica glass and has a multi-tube 
structure. The burner 21 is installed on the upper part of 

40 the furnace with its emission end facing towards a target 
22. The walls of the furnace are formed of fire-proof 
members 23. A window for naked-eye observation, a 
window 25 for IR camera monitoring, and an exhaust 
system 26 are provided in the furnace. A target 22 is 

45 disposed at the bottom part of the furnace for forming 
an ingot 27 thereon. The target 22 is connected to an 
XY stage located at the exterior of the furnace through 
a support shaft 28. The support shaft 28 is rotatable via 
a motor. The XY stage is movable in the X and Y direc- 

so tions in a two dimensional manner via an X-axis servo 
motor and a Y-axis servo motor, respectively. The X-axis 
servo motor and the Y-axis servo motor are controlled 
by a computer. 

[0039] An oxygen containing gas and a hydrogen 
55 containing gas are expelled from the burner 21 , and are 
mixed to form a flame. A silicon compound, as the mate- 
rial, is diluted with a carrier gas and expelled from the 
center portion of the burner 21 into the flame thus 
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formed. This creates fine silica glass particles (soot) 
through hydrolysis reaction of the material. The fine sil- 
ica glass particles are deposited on the target 22, which 
is rotated and rocked, and the particles are simultane- 
ously fused and vitrified to form a transparent silica 
glass ingot 27. During the synthesis, the upper part of 
the ingot 27 is covered by the flame, and the target 22 is 
pulled down in such a way as to maintain a constant dis- 
tance from the burner 21 to synthesis surface at the 
upper part of the ingot. 

[0040] As the material to be expelled from the 
center part of the burner 21 , silicon tetrachloride is often 
used. Other examples for the material that can be used 
include, but are not limited to, organic silicon compound, 
such as siloxanes (such as hexamethyldisiloxane, 
octamethylcyclotetrasiloxane, and tetramethylcyclotet- 
rasiloxane, etc.) and si lanes (such as methyltrimethox- 
ysilane, tetraethoxysilane, and tetramethoxysilane); 
fluorinated silicon, such as SiF 4 and Si 2 F 6 ; and other 
materials, such as SiH 4 and Si 2 H 6 . 
[0041] When a silica glass is synthesized using an 
organic silicon compound as the material, metal impuri- 
ties tend to be incorporated in the resultant silica glass. 
Thus, impurity contamination from the synthesis atmos- 
phere needs to be carefully taken care of. The silica 
glass thus manufactured has a chlorine concentration 
equal to or less than 1 ppm, and has an excellent dura- 
bility against ultraviolet irradiation. 
[0042] ,. When silicon fluoride is used as the material 
in synthesizing a silica glass, the silicon fluoride is 
expelled from the center portion of the burner 21 or from 
a ring-shape nozzle adjacent to the center portion. The 
content of fluorine in the resultant silica glass preferably 
is between about 0.01 wt.% and about 0.5 wt.%. If the 
fluorine content is greater than about 0.5 wt.%, fluorine 
exists in the silica glass in the form of fluorine molecules 
as well as in the form of Si-F. As a result, the initial trans- 
mittance deteriorates due to absorption by fluorine mol- 
ecules in the ultraviolet region. The silica glass 
manufactured using silicon fluoride has a chlorine con- 
centration equal to or less than 1 ppm, a high initial 
transmittance, and a superior durability against ultravio- 
let. In particular, as for the durability against ultraviolet, 
the fluorine containing silica glass has a high transmit- 
tance even after the transmittance decreases due to 
ultraviolet irradiation to its saturated value. This is 
because the fluorine containing silica glass has less 
amounts of defect precursors and similar structures, as 
compared with the silica glass that does not contain flu- 
orine. 

[0043] A silica glass obtained by the direct method 
normally includes the OH group in the amount of 800 to 
1200 ppm. Such a silica glass including a large amount 
of the OH group is suitable as optical members for ultra- 
violet because the transmittance deterioration and 
refractive index changes are unlikely to occur However, 
striae tend to be generated in a plane perpendicular to 
the growth direction during the synthesis. 



[0044] Thus, in manufacturing the silica glass mem- 
ber of the present invention, it is necessary to provide 
proper synthesis conditions in order to avoid creation of 
too strong striae. 

5 [0045] Because a change in temperature within the 
furnace and at the synthesis surface would generate 
undesirably strong striae, it is preferable to control the 
exhaust amount, measure the temperature inside the 
furnace, and perform feedback control of the synthesis 

w conditions (gas flow rates from the burner and the area 
of the opening at the bottom part of the furnace, etc.). 
[0046] Also, a higher temperature at the synthesis 
surface of the ingot is preferable because it alleviates 
striae through fusing even if striae are generated. To 

15 increase the temperature at the synthesis surface of the 
ingot, it is effective to use a supplemental burner and/or 
to use an organic silicon compound as the material. 
Further, in order to increase the size of the flame to 
reduce the effects of the temperature changes within 

20 the furnace, it is preferable to use a burner having a 
large emitting surfaces for the material gas and the 
combustion gases. Such a multi-nozzle burner may be 
constructed of a circular-shape pipe for emitting the 
material at the center part, a plurality of ring-shape 

25 pipes disposed concentrically with the circular-shape 
pipe, and a ring-shape pipe at the periphery having a 
plurality of small pipes in its interior. Further, it is also 
effective to use a plurality of burners in forming a single 
ingot. 

30 [0047] If the hydrogen to oxygen ratio H 2 /0 2 is 
ciose to the stoichiometric ratio, a high temperature 
flame tends to be created. Accordingly, the ratio of the 
oxygen containing gas to the hydrogen containing gas, 
which are expelled from the burner, is set to be close to 

35 the stoichiometric ratio. Taking into account introduction 
of the air from the opening at the bottom part of the fur- 
nace, it is preferable to set the value of H 2 /0 2 to 
between about 0.35 and about 0.45 in the case of using 
halogenated silicon, such as silicon tetrachloride, as the 

40 material. In the case of using an organic silicon com- 
pound as the material, because oxygen is consumed 
via its reaction with the material, the value of H 2 /0 2 pref- 
erably is between about 0.45 and about 0.55. 
[0048] If after the ingot is synthesized in this or a 

45 similar manner, the amount of striae is found to be 
greater than a permissible value, it is possible to allevi- 
ate the strength of the striae through a thermal treat- 
ment. In such a thermal treatment, the silica glass is 
heated to a temperature higher than about 1600°C, 

so maintained at that temperature, and gradually cooled 
down as in the case of the normal striae removal proc- 
ess. However, because various measures are taken to 
reduce striae, as described above, the annealing time 
(holding time) may be shortened. 

55 [0049] In order to reduce a spacing between striae 
to a value equal to or less than 2 mm in the manufacture 
of silica glass by the direct method, a deposition rate of 
the ingot during the synthesis is set to be slow; 2 
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mm/hour, for example. 

[0050] Further, by enlarging the rocking pattern of 
the target on which silica glass ingot is formed, the 
resultant ingot can have a larger diameter. This also 
effectively reduces the deposition rate., and therefore, 5 
contributes to reduction of the spacing between striae. 
[0051] Also, after manufacturing a rod-shape syn- 
thetic silica glass ingot having a diameter of 0250 mm 
using a usual direct method, the ingot may be heated to 
a temperature that is higher than the softening point, io 
and may undergo press-formation in such a way as to 
expand the diameter of the rod. This way, the striae that 
had its strength greater than 2 x 1 0" 6 in terms of refrac- 
tive index differential before the press-formation can be 
expanded to have the strength less than 2x1 0" 6 . Fur- is 
ther, by the press-formation, the spacing between striae 
can be narrowed. 

[0052] The distribution of the OH group preferably is 
within 50 ppm particularly in the direction of the ingot 
growth. In order to achieve such a uniform distribution of 20 
the OH group concentration in the direction of the ingot 
growth, the relative distance from the burner to the ingot 
is controlled. That is, the ingot is pulled down in a man- 
ner such that the top of the ingot (synthesis surface) and 
the position of the burner are separated by a constant 25 
distance during the synthesis. 

[0053] A silica glass member of the present inven- 
tion is used as a member constituting an optical system, 
such as a lens, of a projection exposure apparatus 
using ultraviolet of a short wavelength of preferably less 30 
than 250 nm as a light source. FIG. 3 schematically 
shows a main construction of such a projection expo- 
sure apparatus. 

[0054] This apparatus includes a stage 30, which is 
capable of holding, on its surface 3a, a wafer W (sub- 35 
strate) having a photosensitive material coated thereon, 
an illumination optical system for uniformly illuminating 
a reticle R (mask) having a pattern thereon with expo- 
sure light, a light source 1 00 for providing exposure light 
to the illumination optical system, and a projection opti- 40 
cal system 50 disposed between a first surface P1 
(object surface), on which the reticle R is placed in order 
to project the pattern on the reticle R onto the wafer W, 
and a second surface P2 (image surface) which coin- 
cides with the surface of the wafer W. The illumination 45 
optical system includes an alignment optical system 
1 10 for adjusting relative positions between the reticle R 
and the wafer W. The reticle R is held on a reticle stage 
20, which is movable in parallel with the surface 3a of 
the wafer stage 30. A reticle exchange system 200 so 
exchanges and conveys the reticle R set on the reticle 
stage 20. The reticle exchange system 200 also 
includes a stage driver for moving the reticle stage 20 in 
a direction parallel to the surface 3a of the wafer stage 
30. 55 
[0055] A projection exposure apparatus according 
to the present invention may be a scanning type expo- 
sure apparatus, which synchronously moves a reticle 



(mask) and a wafer (substrate) in exposing a reticle pat- 
tern onto the wafer, or a step-and-repeat type exposure 
apparatus, which exposes a mask pattern while the ret- 
icle and the wafer are at rest, and which translates the 
substrate stepwise. 

[0056] The projection exposure apparatus of the 
present invention utilizes a light source of ultraviolet or 
vacuum ultraviolet. Examples of such a light source 
include KrF excimer laser (248 nm), ArF laser (193 nm), 
and F 2 laser (157 nm). 

[0057] Next, working examples of the present 
invention will be described. 

First Working Example 

[0058] Using SiCI 4 (silicon tetrachloride) as the 
material, a synthetic silica glass ingot was manufac- 
tured in the synthesis furnace shown in FIG. 2 by the 
oxygen/hydrogen flame hydrolysis method. The mate- 
rial, oxygen gas, and hydrogen gas were expelled from 
the burner with the oxygen/hydrogen ratio of 0.44 to 
form an ingot having dimensions of 0300 x f800 mm. 
The ingot growth rate was set to 2.4 mm/hr. The OH 
group concentration distribution in the direction of the 
silica glass ingot growth was measured and found to be 
equal to or less than 50 ppm at a part from which optical 
members are being cut out. 

[0059] Members were cut out from the ingot, and 
striae of the silica glass were observed in a direction dif- 
ferent from an optical axis of an optical system for which 
the members are to be used. The thus measured 
strength of the striae was confirmed to be equal to or 
less than 0.8 ppm in terms of refractive index differen- 
tial, and the spacing between striae was confirmed to 
be equal to or less than 2.0 mm. Further, the fluctuation 
in refractive index in the direction of thickness (a direc- 
tion perpendicular to the optical axis when the optical 
member is used) was measured and found to be 2.5 
ppm, and the fluctuation in birefringence amount was 
found to be about 2.2 nm/cm. The amount of birefrin- 
gence was measured in accordance with JOGIS 14- 
1975 described in Japanese Optical Glass Industrial 
Standards, Appendix: Explanations on Measuring 
Method of Optical Glass, translated and published by 
Japan Optical Glass Manufacturers Association, which 
is hereby incorporated by reference, using an apparatus 
manufactured by ORC Manufacturing Co., Ltd. (The 
same method was employed in measuring the fluctua- 
tion in birefringence amount in other working examples 
below.) 

[0060] The thus produced silica glass members can 
achieve desired characteristics (contrast, resolving 
power, etc.) when used as optical members for excimer 
laser. 

Second Working Example 

[0061] Using HMDS (hexamethyldisiloxane) as the 
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material, a synthetic silica glass ingot was manufac- 
tured in the synthesis furnace shown in FIG. 2 by the 
oxygen/hydrogen flame hydrolysis method. The mate- 
rial, oxygen gas, and hydrogen gas were expelled from 
the burner with the oxygen/hydrogen ratio of 0.53 to 
form an ingot having dimensions of 0300 x 7800 mm. 
The ingot growth rate was set to 2.4 mm/hr. The OH 
group concentration distribution in the direction of the 
silica glass ingot growth was measured and found to be 
equal to or less than 50 ppm at a part from which optical 
members are being cut out. 

[0062] Members were cut out from the ingot, and 
striae of the silica glass were observed in a direction dif- 
ferent from an optical axis of an optical system tor which 
the members are to be used. The thus measured 
strength of the striae was confirmed to be equal to or 
less than 0.6 ppm in terms of refractive index differen- 
tial, and the spacing between striae was confirmed to 
be equal to or less than 2.0 mm. Further, the fluctuation 
in refractive index in the direction of thickness (a direc- 
tion perpendicular to the optical axis when the optical 
member is used) was measured and found to be 1 .8 
ppm, and the fluctuation, in birefringence amount was 
found to be about 1 .2 nm/cm. 

[0063] The thus produced silica glass members can 
achieve desired characteristics (contrast, resolving 
power, etc.) when used as optical members for excimer 
laser. 

[0064] Further experiments were conducted, and it 
was confirmed that even if other organic silicon com- 
pounds, such as OMCTS (octamethylcyclotetrasi- 
loxane), MTMS (methyltrimethoxysilane), were used as 
the material instead of the HMDS in this second working 
example, similar results were obtained. The thus pro- 
duced silica glass members can achieve desired char- 
acteristics (contrast, resolving power, etc.) when used 
as optical members for excimer laser. 

Third Working Example 

[0065] Using SiCI 4 (silicon tetrachloride) as the 
material, a synthetic silica glass ingot was manufac- 
tured in a synthesis furnace having a plurality of burn- 
ers, which was modified from the furnace shown in FIG. 
2, by the oxygen/hydrogen flame hydrolysis method. 
Such use of the plurality of burners is effective in obtain- 
ing a large diameter ingot and in reducing the spacing 
between striae. The material, oxygen gas, and hydro- 
gen gas were expelled from the burner with the oxy- 
gen/hydrogen ratio of 0.44 to 0.55 to form an ingot 
having dimensions of 01000 x f400 mm. The ingot 
growth rate was set to 1.2 mm/hr. The OH group con- 
centration distribution in the direction of the silica glass 
ingot growth was measured and found to be 38 ppm at 
apart from which optical members are being cut out 
[0066] Members were cut out from the ingot, and 
striae of the silica glass were observed in a direction dif- 
ferent from an optical axis of an optical system for which 



the members are to be used. The thus measured 
strength of the striae was confirmed to be equal to or 
less than 0.3 ppm in terms of refractive index differen- 
tial, and the spacing between striae was confirmed to 

5 be equal to or less than 1 .2 mm. Further, the fluctuation 
in refractive index in the direction of thickness (a direc- 
tion perpendicular to the optical axis when the optical 
member is used) was measured and found to be 1 .2 
ppm, and the fluctuation in birefringence amount was 

70 found to be about 0.9 nm/cm. 

[0067] The thus produced silica glass members can 
achieve desired characteristics (contrast, resolving 
power, etc.) when used as optical members for excimer 
laser. 

15 

Fourth Working Example 

[0068] Using SiCI 4 (silicon tetrachloride) as the 
material, a synthetic silica glass ingot was manufac- 

20 tured in the synthesis furnace shown in FIG. 2 by the 
oxygen/hydrogen flame hydrolysis method. The mate- 
rial, oxygen gas, and hydrogen gas were expelled from 
the burner with the oxygen/hydrogen ratio of 0.53 with 
rocking motion of the target to form an ingot having 

25 dimensions of 0250 x f 1 000 mm. The ingot growth rate 
was set to 3.6 mm/hr. The OH group concentration dis- 
tribution in the direction of the silica glass ingot growth 
was measured and found to be equal to or less than 50 
ppm at a part front which optica! members are being cut 

30 out. 

[0069] Members were cut out from the ingot, and 
striae of the silica glass were observed in a direction dif- 
ferent from an optical axis of an optical system for which 
the members are to be used. The thus measured 

35 strength of the striae was found to be about 2.5 ppm in 
terms of refractive index differential, and the spacing 
between striae was found to be about 2.5 mm. Further, 
the fluctuation in refractive index in the direction of thick- 
ness (a direction perpendicular to the optical axis when 

40 the optical member is used) was measured and found to 
be 4.5 ppm, and the fluctuation in birefringence amount 
was found to be about 4.1 nm/cm. 
[0070] The silica glass member was heated to a 
predetermined temperature between 1600°C and 

45 1 900°C (softening temperature), and a pressure was 
applied in the direction of the ingot growth to form a rod- 
shape having dimensions of about 0400 x f390 mm. 
The striae were measured for the thus processed silica 
glass member. The measured strength of the striae was 

so found to be about 0.9 ppm in terms of refractive index 
differential, and the spacing between striae was found 
to be about 1 .1 mm. Further, the fluctuation in refractive 
index in the direction of thickness (a direction perpen- 
dicular to the optical axis when the optical member is 

55 used) was measured and found to be 2.6 ppm, and the 
fluctuation in birefringence amount was found to be 
about 3.0 nm/cm. 

[0071] The thus produced silica glass members that 
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underwent the thermal process can achieve desired 
characteristics (contrast, resolving power, etc) when 
used as optical members for excimer laser. 
[0072] As described above, the present invention 
achieves significant reduction in the effects on wave- 
front aberration of striae that exist in the silica glass in a 
direction different from a predetermined direction. 
Accordingly, it becomes possible to provide optical 
members, such as projection optical lenses, with a 
reduced cost without sacrificing the characteristics of 
the optical members. 

[0073] It will be apparent to those skilled in the art 
that various modifications and variations can be made 
in the silica glass member of the present invention with- 
out departing from the spirit or scope of the invention. 
Thus, it is intended that the present invention cover the 
modifications and variations of this invention provided 
they come within the scope of the appended claims and 
their equivalents. 

Claims 

1- A silica glass member for use in an optical system 
using light of a wavelength equal to or less than 
about 400 nm as a light source, the silica glass 
member having striae in a direction different from 
an optical axis of the optical system, the strength of 
the striae being equal to or less than about 2 x 10* 6 
in terms of refractive index differential. 

2. The silica glass member according to claim 1, 
wherein a spacing between striae is equal to or less 
than about 2 mm. 

3. The silica glass member according to claim 2, 
wherein a fluctuation in concentration of the OH 
groups in the silica glass member is equal to or less 
than about 50 ppm. 

4. The silica glass member according to claim 1, 
wherein a fluctuation in concentration of the OH 
groups in the silica glass member is equal to or less 
than about 50 ppm. 

5. A silica glass member for use in an optical system 
using light of a wavelength equal to or less than 
about 400 nm as a light source, the silica glass 
member having striae in a direction different front a 
predetermined direction, the strength of the striae 
being equal to or less than about 2 x 10" 6 x (the 
value of the wavelength in nanometers)/632.8(nm) 
in terms of refractive index differential. 

6. The silica glass member according to claim 5. 
wherein a spacing between striae is equal to or less 
than about 2 mm. 

7. The silica glass member according to claim 6, 



wherein a fluctuation in concentration of the OH 
groups in the silica glass member is equal to or less 
than about 50 ppm. 

5 8. The silica glass member according to claim 5, 
wherein a fluctuation in concentration of the OH 
groups in the silica glass member is equal to or less 
than about 50 ppm. 

io 9. The silica glass member according to any one of 
claims 1-8, wherein a fluctuation in refractive index 
in a direction perpendicular to an optical axis of the 
silica glass member is equal to or less than about 4 
ppm. 

15 

10. The silica glass member according to any one of 
claims 1-8, wherein a fluctuation in birefringence 
amount in a direction perpendicular to an optical 
axis of the silica glass member is equal to or less 

20 than about 4 nm/cm. 

11. An exposure apparatus having an illumination opti- 
cal system for directing light from a light source 
towards a mask having a pattern thereon and a pro- 

25 jection optical system for projecting an image of the 
pattern on the mask towards a substrate to expose 
the image on the substrate, wherein the silica glass 
member of any one of claims 1 -8 is installed in at 
least one of the illumination optical system and the 

30 projection optical system. 

12. An exposure apparatus having an illumination opti- 
cal system for directing light from a light source 
towards a mask having a pattern thereon and a pro- 

35 jection optical system for projecting an image of the 
pattern on the mask towards a substrate to expose 
the image on the substrate, wherein the silica glass 
member of any one of claims 1 -8 is installed in at 
least one of the illumination optical system and the 

40 projection optical system, and wherein a fluctuation 
in refractive index in a direction perpendicular to an 
optical axis of the silica glass member is equal to or 
less than about 4 ppm. 

45 13. An exposure apparatus having an illumination opti- 
cal system for directing light from a light source 
towards a mask having a pattern thereon and a pro- 
jection optical system for projecting an image of the 
pattern on the mask towards a substrate to expose 

so the image on the substrate, wherein the silica glass 
member of any one of claims 1 -8 is installed in at 
least one of the illumination optical system and the 
projection optical system, and wherein a fluctuation 
in birefringence amount in a direction perpendicular 

55 to an optical axis of the silica glass member is equal 
to or less than about 4 nm/cm. 

14. An optical system having an optical axis, compris- 
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ing a silica glass member for processing light of a 
predetermined wavelength along the optical axis, 
the silica glass member having striae extending in a 
direction substantially perpendicular to the optical 
axis of the optical system, a strength of the striae in 5 
terms of refractive index differential being smaller 
than about 2 x 1 0" 6 x (a value of the predetermined 
wavelength in nanometers)/632.8(nm). 

15. The optical system according to claim 14, wherein w 
the strength of the striae in the silica glass member 

in terms of refractive index differential is smaller 
than about 2 x 1(T 8 

16. The optical system according to claim 14, wherein 15 
the strength of the striae in the silica glass member 

in terms of refractive index differential is smaller 
than about 0.8 x10' 6 . 

17. The optical system according to claim 14, wherein 20 
the strength of the striae in the silica glass member 

in terms of refractive index differential is smaller 
than about 0.6 x 10 -6 . 

18. The optical system according to claim 14, wherein 25 
the strength of the striae in the silica glass member 

in terms of refractive index differential is within the 
range of about 0.6 x 10" 6 to about 2 x 10* 6 . 

19. The optical system according to claim 14, wherein a 30 
spacing between the striae in the silica glass mem- 
ber is equal to or less than about 2 mm. 
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